Large deletions in the dystrophin gene account for >60% of mutations responsible for Duchenne muscular dystrophy (DMD). We have developed a genetic test that can be used directly for the preimplantation genetic diagnosis (PGD) of a majority of couples at risk of transmitting DMD. The test, a double nested multiplex polymerase chain reaction assay for the amplification of exons 8, 19, 45, 47 and 51 allows the detection of over 70% of all DMD deletions. Amelogenin sequences on the X and the Y chromosomes were also co-amplified to provide a correlation between embryo gender and deletion status. The setting up of reliable single cell assays for preimplantation genetic diagnosis is delicate and time consuming. Assays have to be validated on a large number of single cells for each specific mutation to assess efficiency and accuracy before being applied clinically. The multiplex procedure permitted the validation of all tested loci in the same series of isolated lymphocytes rather than in separate series for each exon. One hundred single lymphocytes, 50 female and 50 male cells, were analysed with an overall amplification rate of 98% and an amplification failure of 2% per exon. We suggest that this test is reliable, easy to set up and much preferable to a mere sex determination with the selective transfer of female embryos.
Introduction
For the diagnosis of duplications, however, Southern analysis is still usually required. Also, many point mutations remain Duchenne and Becker muscular dystrophy (B/DMD; OMIM uncharacterized and indirect diagnosis has to be carried out accession number: 310200) are allelic X-linked recessive (Clemens et al., 1991) . diseases responsible for early muscle degeneration and cardiac
The majority of preimplantation genetic diagnoses (PGD) insufficiency in hemizygous boys (Boland et al., 1996) . The for heterozygous female patients have so far consisted of the size of the disease-causing gene, dystrophin, probably accounts positive selection of female embryos, usually by fluorescent for the high frequency of this condition (1/3500 male births), in-situ hybridization (FISH). The main disadvantage of this and the high proportion of de-novo mutations. Deletions approach, however is that half of the discarded male embryos encompassing at least one of the 79 dystrophin exons account are unaffected. Allelic diagnoses, by either direct amplification for two-thirds of all D/BMD mutations; the remaining of a deleted exon (Liu et al., 1995) or indirect identification mutations consist of large duplications and point mutations of the mutant allele, have also been reported in the course of (Read et al., 1988; Tennyson et al., 1995) . A number of PGD (Lee et al., 1998) . Others have described protocols multiplex polymerase chain reaction (PCR) protocols have for the amplification of several exons using whole genome been described, allowing the detection of an ever-increasing amplification followed by the independent amplification of proportion of DMD deletions. This approach was pioneered several exons and a Y-related sequence (Kristjansson et al., by describing the co-amplification of six and, a year later, nine 1994). The preamplification of the whole genome by primed exons, allowing the detection of 80% of all DMD deletions extension preamplification (PEP) provides a means of analysing (Chamberlain et al., , 1990 . Then an extra set of nine, up to 30 loci from a single cell (Zhang et al., 1992) , but the then 11, primers were described, permitting the detection of initial amplification takes~8 h and all loci to be analysed have 94 and 98% of all deletions respectively (Beggs et al., 1990;  to be subsequently amplified, usually individually by nested Abbs et al., 1991) . The advantage of such a diagnostic test is PCR. The time constraints associated with PGD and the obvious in terms of cost-effectiveness due to savings in scarcity of resources have probably prevented the clinical both reagents and labour. Indeed, a single test allows the application of such an approach. More recently, a protocol for identification and the fairly accurate characterization of most deletions and can also be used directly for diagnostic purposes.
the duplex amplification of one of five DMD exons with a and 2 min 30 s during the inner reaction. Twenty-two and 24 thermal Y sequence for sex determination has been described (Hussey were kept frozen at -20°C until PCR analysis (Li et al., 1991) .
Results

Amplification efficiency
Materials and methods
sequence and would have been mistyped as female (2%). Furthermore, two male cells did not amplify the X-amelogenin 
Contamination rate
Primers used for the outer amplification were as previously Contamination of one or two loci was observed in 33 of the described (Beggs et al., 1990; Chamberlain et al., 1990) . Inner 100 negative controls analysed. The maximum number of loci primers and amelogenin outer and inner primers were chosen using amplified per negative control was two. Among the 100 control the software Oligo 6.0, while trying to select primers with similar blanks analysed, amplification was observed once for the annealing temperatures. Sequences of the primers, melting temperatures, final working concentrations and sizes of the amplified Y-amelogenin sequence (1%), four times for exon 8 (4%), five fragments are reported in Table I. times for exon 45 (5%), six times for the X-amelogenin sequence (6%), seven times for exon 19 (7%), and eight times were 39 instances of locus contamination from a total of sequences. Primer sequences and working concentrations are given 100ϫ7 ϭ 700 potential loci (5.6%).
in Table I . The outer PCR reaction contained 3 µl of lysis buffer, 3 µl of potassium-free PCR buffer (25 mmol/l MgCl 2 , gelatine 1 mg/ml, Discussion 100 mmol/l Tris-HCl, pH 8.3), 3 µl of neutralizing buffer (900 mmol/ l Tris-HCl, pH 8.3, 300 mmol/l KCl, 200 mmol/l HCl), 0.1 mmol/l
We have described an efficient multiplex PCR protocol dNTP mix (Sigma), 3 µl of primer mix (Genset, see Table I ), 1.5 U allowing the single cell diagnosis of Ͼ70% of all B/DMD Amplitaq Gold (Perkin Elmer) and double-distilled water up to a deletions. Although the setting up of such a test is more labour final volume of 30 µl, covered with 30 µl of mineral oil. Three µl of intensive than that of a simpler mono or duplex reaction, we the first amplification product were transferred to 27 µl of inner showed that once the correct PCR conditions have been amplification mix which contained 3 µl of Perkin Elmer PCR buffer defined, multiplex PCR is as efficient as for single locus PCR.
(500 mmol/l KCl, 100 mmol/l Tris-HCl, pH 8.3, 15 mmol/l MgCl 2 ), The other advantage of such an approach is that the validation 0.2 mmol/l dNTP mix, 3 µl of primer mix, and 1.5 U Amplitaq Gold. of all loci is performed in the same series of cells for all five Denaturation and annealing were carried out successively at 96°C exons and the sex-linked genes (here, the X and Y amelogenin).
for 25 s and 60°C for 45 s for both the outer and inner reactions followed by an extension phase at 72°C for 3 min during the outer In one study, (Hussey et al., 1999 ), five exons were tested independently in conjunction with an SRY sequence. Amplitotal of 220 cells and 110 negative controls. The mean amplification rate for the DMD exons obtained in their study fication efficiency was assessed from 44 single lymphocytes and 22 negative controls for each duplex amplification, in a was similar to the one observed here (97%). In that report, wanted to minimize the problem of allele-specific amplification primer with inner reverse and inner forward with outer reverse (contamination) primer. Amplification was achieved with the first combination a Corresponds to the misdiagnosis of a female cell.
described for exon 45 and the second combination for exon 47 (see Table I ). For many reactions, the intensity of amplification of the different loci was uneven: the amplification using however, the contamination rate was lower (1%), although only 20 blanks were analysed per locus. With the multiplex the amelogenin gene primers was particularly strong while that using exon 45 primers was very weak. To circumvent that procedure presented here, each exon was analysed in 100 reactions. If the same work had been carried out using a duplex problem, various ratios of primers were tested, in particular the concentration of the weakly amplifying primers was reaction with one exon combined with a sexing procedure it would have been necessary to analyse 500 cells for each exon increased in both outer and inner reactions and conversely with primers of high efficiency. Primer concentrations yielding to be tested. The advantage in terms of cost is therefore clear, especially when taking labour time into consideration. even amplification of all loci were found and are listed in Table I . The concentrations used for exons 8, 19, 47 The most critical factor in achieving efficient multiplex amplification was found to be the primer sequence. For the and 51 outer and inner primers ranged from 0.4 to 0.8 µmol/l and were slightly lower than what is currently used for most outer reactions, primers previously described (Beggs et al., 1990; Chamberlain et al., 1990) were chosen, as they were single locus PCR (i.e. 0.8-1 µmol/l). For the remaining two sets of primers, we adopted a more extreme primer shown to be reliable and compatible. An extra set of inner primers was designed for each of the five chosen exons and concentration and we had a 28-fold difference between the outer primer concentration used respectively for the amelogenin for the amplification of the amelogenin X and Y sequences. For these, a region of high homology between the X amelogenin and exon 45. The low amplification efficiency of exon 45 might be related to the larger size of the inner amplified gene and its Y pseudogene was chosen (Nakahori et al., 1991) . The amplified sequence presented a 5 bp deletion on the X product. The basis for the greater efficiency of the amelogenin primers remains unknown. It is interesting to note that the gene. Primers were chosen at location where 100% homology between the X and Y amelogenin sequences was observed.
amplification failure rate per locus in male cells (4%) was almost twice that observed in female cells (2.3%). It is likely The size difference of 5 bp was thought to be ideal, as we that this difference is due to the fact that there are two copies shown here demonstrate that 'whole single cells' are rarely the source of contamination and therefore only an implausible of each dystrophin allele in female cells as opposed to only one in male cells. allelic combination will be indicative of contamination. A greater accuracy of diagnosis would be achieved by analysing For the diagnosis of DMD as described here, when relying on the detection of deleted exons in affected hemizygous male an increased number of polymorphic loci. Here, when analyzing cells diagnosed as male the risk of cells, the contamination by a normal cell or by previously amplified PCR product of a deleted exon would result in a misdiagnosis is directly related to the contamination rate. For cells diagnosed as female gender provides an internal control misdiagnosis. The mean contamination rate was 5.6% per exon. The fact that none of the 100 blanks amplified more as hererozygous females are unaffected thus, if 'whole cell contamination' is excluded, a misdiagnosis can only result than two exons clearly demonstrates that the contamination we observed was not cellular, as we would otherwise expect from the concomitant failure of amplifying the amelogenin Y sequence and contamination with the exon of interest to have a majority of loci amplifying in the same control blank. Some of the contaminants could originate from free (probability ϭ 0.05*0.02 ϭ 0.1%). Consequently, until a larger series of negative controls prepared in our clinical setting has DNA released in the media from lysed lymphocytes. However, lymphocytes were carefully rinsed in Petri dishes which would been analysed and found to be free of contamination, male undeleted embryos will only be considered for transfer when only serve for a small number of lymphocytes. Presumably, the majority of contaminations came from air-borne amplified concordant results will have been obtained from two separate blastomeres. The chance of misdiagnosing a male cell taking products generated in previous PCR reactions. These products are most likely to have been introduced into the PCR tube into account our current rate of contamination would then be (0.056) 2 ϭ 0.3%. Also, since contamination was very seldom during single lymphocyte tubing or when adding the PCR mix. The preparation of PCR mixes was carried out in a clean class observed for more than one locus per blank, the risk of misdiagnosis is greatly reduced for patients with deletions II laminar flow cabinet. We were, however, reassured to find no contamination in 20 negative controls prepared in our future encompassing more than one exon from the multiplex. This assay was not tested on single blastomeres as the clinical setting which is completely separated from the genetic laboratory where the analysis is carried out. This indicated legislation in France is still unclear about using embryos for research purposes. Using the same cell lysis and PCR buffer that our PCR hood and reagents were 'clean', and that the low level of contamination observed when working with single system, we have demonstrated in the past that amplification rates were only marginally lower on single blastomeres, lymphocytes would probably not be observed during our clinical cases. Again, this contamination problem emphasizes probably reflecting the higher number of abnormal or apoptotic cells in early development (Ray et al., 1996a (Ray et al., ,b, 1998 . We are the importance of physical separation between the biopsy area, dedicated to the clinical embryology work and the molecular therefore confident that this test can be transposed reliably to single blastomeres. biology area, where a separation between the pre-PCR set up and the post PCR analysis is also completely mandatory.
In conclusion, the present work demonstrates that a single cell 7-plex PCR reaction can be as efficient as a mono or A number of strategies have been described to reduce carry over contamination. All aim at destroying or modifying the duplex PCR. Such an approach is efficient, as the validation of a single assay can be done once and then be used for the amplified products to prevent their subsequent amplification. Such strategies include the use of: (i) restriction enzymes prior majority of patients. We believe that one is good at what he does most. Since the same assay can be used for many patients, to adding the template to the reaction mix; (ii) deoxyuracyl triphosphate (dUTP) instead of deoxythymidine triphosphate it will be used more frequently and more reliably. When using a single cell test very rarely, as would be the case for single (dTTP) followed by the hydroxylation of dUTP containing amplified products with uracyl-DNA glycosylase (Pang et al., exon amplification, extensive series of lymphocytes would have to be assayed prior to each specific case. The wide 1992; Thorton et al., 1992) ; (iii) primers containing a 3Ј-terminal ribose residue subsequently cleaved by ribonucleapplicability of our diagnostic test will increase the frequency of its use, making it more reliable while decreasing 'the ase or alkaline treatment (Walder et al., 1993) ; (iv) ipsoralen in the reaction and subsequent UV irradiation preventing maintenance burden' of a whole battery of tests. We now are ready to use this diagnosis clinically and have four patients reamplification (Cimino et al., 1991) . Unfortunately, in our hands these strategies have proven to be either inefficient, awaiting PGD with deletions of exons 6-8, 47, 47-52 and 46-47, all of which can be diagnosed using our multiplex assay. impractical or interfering with the efficiency of the sensitive single cell protocols, and sometimes a combination of all three. Others propose to use a combination of polymorphic markers
